Background: Despite the abundance of measures to assess medication adherence by persons suffering schizophrenia, few studies have evaluated their concordance and validity against a reference standard in resourcepoor community settings. We explored the concordance and validity of several measures to assess antipsychotic medication adherence in a resource-poor community. Method: Based on a random sample of 278 villagers diagnosed with schizophrenia from Liuyang, Hunan Province, China, we used a concordance correlation coefficient (r c ) and Kappa statistic to assess agreement among pill counts, refill records, clinician rating, Drug Attitude Inventory (DAI), and the Brief Adherence Rating Scale (BARS). The validity of various measures was evaluated by their concordance and sensitivity/specificity to home-based unannounced pill count (UPC) as the reference standard. Results: The estimated proportion of adherent patients according to all measures (41%~88%) was substantially higher than identified by UPC (35%). Concordance between any two measures was poor (r c /Kappa mostly b0.30). Validity of various measures also was poor against the UPC (r c b 0.20; Kappa b0.16), although refill records and the structured instruments (BARS) performed better than office-based pill counts and clinician impression. BARS, DAI and clinician rating were not sensitive to changes in adherence and would likely underestimate any program effect. Conclusion: In resource-poor community settings, most measures assessed in this study should not be used alone as they overestimated adherence, underestimated program effect, and had poor validity. A combination of UPC and several other measures may provide more insight into clinical trials and programmatic management.
Background
Most people with schizophrenia are prescribed long-term antipsychotic treatment (Leucht et al., 2012a; Leucht et al., 2012b; Tiihonen et al., 2017) . Nonadherence to antipsychotics is associated with higher risks for relapse, re-hospitalization, violence in society, and suicide, and increased costs and resource use for health systems (Cutler et al., 2018; Dilla et al., 2013; Higashi et al., 2013; Leucht and Heres, 2005) . Accurate measurement of adherence is important for effective management of persons diagnosed with schizophrenia (Shafrin et al., 2017 ), yet reported rates of adherence vary widely. Two meta-analyses reported pooled rates of adherence of 70% (Nose et al., 2003) and 60% (Lacro et al., 2002) , respectively, and nonadherence is a common finding challenging the meaning of large drug trials (Keefe et al., 2007) . Rates of adherence between individual studies vary even more widely, ranging from 47 to 95% (Sendt et al., 2015) . The great disparity depends on the population under study and the definition of adherence and measurement methods (Farmer, 1999; Velligan et al., 2006; Velligan et al., 2017) .
While no single measure can be applied to all settings, numerous methods have been used to measure adherence (Farmer, 1999; Velligan et al., 2010; Williams et al., 2013; Zullig et al., 2017) . These include self-report and informant-report measures (interviews, patient/ family diaries, survey instruments) and a variety of so-called "objective" numerical indices (drug level in biologic fluids, direct observation, electronic monitoring, pill counts, pharmacy records) (Farmer, 1999; Lam and Fresco, 2015; Sajatovic et al., 2010; Velligan et al., 2010; Williams et al., 2013; Zullig et al., 2017) . Self and informant-report measures are most commonly used (77% of all antipsychotic adherence studies used subjective measures only) (Velligan et al., 2006) . The available tools can also be categorized as direct measures of pill-taking (e.g., drug level, direct observation) versus indirect measures (e.g., office pill counts, self-report tools) that potentially are prone to manipulation. In recent decades, adherence assessment has become more sophisticated. Structured and standardized scales have been developed to improve patient interviews and self-reports, including the Brief Adherence Rating Scale (BARS) , the Medication Adherence Rating Scale (MARS) (Fialko et al., 2008) , the Brief Evaluation of Medication Influences and Beliefs (BEMIB) (Dolder et al., 2004) , and the Drug Attitude Inventory (DAI) (Awad, 1993) . As a presumably more objective measure electronic monitoring via a microchip-imbedded cap to capture each pill bottle opening appeared in the literature during the 1980s (Cramer et al., 1989; Spector et al., 1986) and has been used increasingly in addition to pill counts (Cramer and Rosenheck, 1999; Nakonezny et al., 2008) .
Despite advances in measurement methodologies, there has been scant research examining the concordance among measures of adherence to antipsychotics or appraisal of their validity versus a reference standard. In the broader biomedical literature, most studies (68%) reported high or moderate concordance among various measures or against a reference standard (Garber et al., 2004; Shi et al., 2010b) . Those related to schizophrenia were few: We identified only 7 relevant studies (Brain et al., 2014; Byerly et al., 2005; Byerly et al., 2007; Byerly et al., 2008; Cassidy et al., 2010; Remington et al., 2007; Velligan et al., 2007; Yang et al., 2012) . They reported poor to excellent concordance among adherence measures. All were conducted in high-income countries (US 4; Canada 2; Sweden 1; South Korea 1), with small, convenience samples (64 participants on average ranging from N = 25 to 131). Most were conducted in urban hospital settings and failed to include often-used adherence scales such as BARS and DAI in the comparison.
In this analysis, conducted in the context of a large, prospective, community-based intervention, we aimed to understand (1) concordance between various antipsychotic adherence measures, and (2) the validity of these measures in measuring adherence among people with schizophrenia. Home-based unannounced pill counts (UPC) was used as the reference standard. Our random sample included 278 Chinese consenting villagers who suffered schizophrenia.
Methods

Setting and participants
Our analysis of adherence measures was part of a randomized controlled trial (Xu et al., 2016) designed to test the efficacy of texting reminders to improve medication adherence within the 686 Program, a national community-based program for people with psychosis (Liu et al., 2011) . By 2016, the 686 Program had covered 5.4 million people (75% of whom had schizophrenia) (Dandan, 2017) and 96% of China's counties were running this program (Wang et al., 2016) . In Liuyang County, the program provides its participants at no charge with consultation, prescription and dispensing of antipsychotic medications every two months by psychiatrists traveling to township health centers, follow-up visits quarterly by community health workers (CHWs), and yearly physical exams (Xu et al., 2016) . The study was conducted in 9 rural townships of Liuyang County, Hunan Province, November 2015-July 2016.
The 686 Program registry included almost all known villagers with a diagnosis of schizophrenia. We selected 400 names from the registry with simple random sampling. To reflect real-world context, we applied minimal inclusion/exclusion on program participants, mainly excluding those who were currently institutionalized or not residing in Liuyang, or those not able to provide informed consent. Among the 400, 56 did not satisfy our inclusion/exclusion, 12 declined to participate, and 54 were not successfully contacted for the consent due to various reasons (e.g., wrong contact information in the registry; not available/present at the time of our recruitment visits). In the end, we recruited 278 consenting participants. The study received approvals from the institutional review boards of both University of Washington in Seattle, US (49,464 G), and Central South University in Hunan, China (CTXY-150002-6).
Measures and definition of adherence
We selected 3 commonly used self-report or informant-based measures ("686" clinician impression, DAI, and BARS) as well as three presumably less subjective measures (home-based pill counts; officebased pill counts, and refill record) (Kreyenbuhl et al., 2016; Nieuwlaat et al., 2014) . Unless otherwise specified, adherence was defined as a continuous variable (percentage of dosages taken (0-100%) in the past month). For patients on multiple antipsychotics, we took the average of adherence to all antipsychotic medications. Those continuous 0-100% variables also were dichotomized as adherent versus nonadherent at a cut-point of 75%, an informal convention often used in the schizophrenia literature (Acosta et al., 2009; Byerly et al., 2007; Byerly et al., 2008; Farmer, 1999; Hansen et al., 2009; Remington et al., 2007; Yang et al., 2012) .
Home-based unannounced pill counts (UPC): Double counts
The pill count refers to counting dosage units (e.g., tablets, capsules) that remain in pill containers. We followed the best practices for pill counts (Farmer, 1999; Grymonpre et al., 1998; Sajatovic et al., 2010) . Evaluators made two home-based pill counts 30-days apart; they asked family caregivers and patients to report the "number of additional pills obtained" and "number of pills discarded" intentionally and unintendedly over the same period. The number of pills prescribed for that period was obtained from the 686 Program prescribing system. Adherence was calculated as the ratio of "(# of 1 st count -# of 2 nd count + # of additional pills obtained -# of pills discarded) ÷ (# of pills prescribed)." To verify that all pills were revealed by the family, evaluators inspected the family's usual sites for medication storage with their consent. The counts were unannounced in the sense that although patients knew the general purpose of our study, they did not know on which home visit we would count pills, given that CHWs scheduled those visits for evaluators as part of their routine "686" home visits. The UPC was used as the reference standard for this study (Cassidy et al., 2010) .
Office-based pill counts: Double and single count(s)
On two consecutive visits between the "686" traveling psychiatrist and patients every two months, we asked patients and their family caregivers to bring in their medicine bottles to the prescription site. Pills counts were performed as described above, except that the pill count form posed the additional question, "How many pills have you forgotten to bring in?" The adherence formula was adjusted from the above slightly by the ratio of "(# of 1 st count -# of 2 nd count + # of additional pills obtained -# of pills discarded -# of pills not brought in) ÷ (# of pills prescribed)." For comparing methods of double count versus single count, we also regarded the second count as if it were the only count and used the following formula for single-count-based adherence: (# of pills prescribed -# of 2nd count) ÷ (# of pills prescribed).
Refill record
We used the refill record from the"686" psychiatrists bi-monthly visits to the township health centers to calculate a cumulative medication possession ratio (CMPR) (Lam and Fresco, 2015) (0-100%) over half a year: (# of days medication obtained) ÷ (182 days).
Brief adherence rating scale (BARS), drug attitude inventory (DAI-10) and clinician impression
The BARS is a 4-item scale specifically developed to measure adherence to antipsychotics in schizophrenia . The evaluator marked the dosage taken over the past month on a 0-100% visual analog scale based informant provided information. The DAI-10 is a 10-item scale that assesses subjective experiences, attitude, and beliefs toward antipsychotic medications (Dolder et al., 2004; Hogan et al., 1983) . Patients respond to 10 true/false items. Scores range from −10 to +10 with positive scores interpreted as a positive subjective response (hence adherence) and a negative score interpreted as a negative subjective response (suggesting nonadherence). The 686 Program has a nationally standardized patient follow-up form, which includes a rating of patient adherence as "routinely taking medicine," "intermittently taking medicine," and "not taking medicine." The 686 mental health workers rate patients based on their impressions.
Other outcome measures
Patients' symptoms were assessed by "686" psychiatrists using the Clinical Global Impression in Schizophrenia scale (CGI-SCH), which consists of two categories: severity of illness and degree of change (Haro et al., 2003) . Each category covers five different aspects of symptoms (positive, negative, depressive, cognitive and global). Scores range from 1 to 7 with higher scores indicative of greater severity. Patient functions were evaluated by the 12-item proxy-administered WHO Disability Assessment Schedule 2.0 (WHODAS 2.0) (Üstün et al., 2010) . WHODAS scores indicate percent of functions lost.
Data collection
The afore-mentioned clinical trial collected data on patient adherence, symptoms and functions at baseline, mid-point (3 months after the launch of the intervention) and end-point (6 months after the launch). Baseline and mid-point data were collected during patients' routine visits with psychiatrists at the township health center, while final data were collected at patients' homes. All evaluators of adherence were Master of Public Health students from Central South University. They received intensive training on the related methods of assessing medication adherence.
Analysis
Concordance among continuous measures was evaluated with Lin's concordance correlation coefficient (r c ) (Lin, 1989) , which indicates how closely pairs of observation fell on a 45°line (the perfect concordance line) through the origin in addition to their correlation (Lawrence and Lin, 1992; Lin, 1989; Steichen and Cox, 2002) . The Pearson correlation coefficient (rp) and Spearman correlation coefficient (r s ) are inappropriate measures of agreement as high correlation does not mean that the two methods agree (Bland and Altman, 1986; Shi et al., 2010a) . We calculated rp and rs for comparisons with previous studies. The Kappa statistic (Cohen, 1960) , which assesses agreement in assessment beyond what is expected by chance alone, was used to evaluate agreement of the dichotomized measurements.
In addition to assessing concordance of measures among one another, we investigated the criterion validity of the measures by assessing their concordance (r c or Kappa statistics) against UPC as the reference standard. For the continuous measures, a Bland-Altman plot was used to visualize the concordance (Bland and Altman, 1986; Kwiecien et al., 2011) . For the dichotomous measures, we also analyzed their sensitivity (strength to detect adherence) and specificity (strength to detect non-adherence) with UPC as the reference.
Results
Patient characteristics
Among the 278 participants, 6 were lost to follow up (2 dropped out; 2 died, and 1 relocated to an unknown address). Table 1 shows that participants had a median age of 45 years; more women, unemployed, poorly educated, with low income, and living with their families. The median duration of illness was 16 years; the median CGI-severity was 3.0, with a median 20% loss of full functions. Eleven antipsychotic medications were prescribed to the participants (Table 1) ; 79% were taking multiple antipsychotics. Table 2 shows adherence by different measures. The percent of adherent patients identified by UPC (34.9%) was substantially lower than that identified by other measures BARS 68.0%, DAI 41.9%, refill record 58.1%, office pill counts (55.6% for the 1-count method and 68.6% for the 2-count method).
Adherence
Concordance and correlation among measures
Overall, there was poor concordance and correlation between any two measures (r c /rs/rp mostly = 0.20-0.30; Kappa mostly b0.30) ( Fig. 1) . Office-based pill counts were least concordant with other measures.
Validity (concordance with UPC)
Criterion validity was poor, with all measures poorly concordant with the UPC as the reference standard (r c b 0.20; Kappa mostly b0.2) (Fig. 1) . Among all measures, refill record had relatively better concordance with UPCs (r c = 0.18; Kappa = 0.16); followed by BARS (r c = 0.15; Kappa = 0.08). Office-based pill counts and clinician rating performed most poorly. The analysis of sensitivity and specificity revealed similar patterns of the overall strength of the measures (Table 2) .
The Bland-Altman plot confirmed the low validity of all studied measures and revealed several patterns (Fig. 2): (1) the distributions of the points were diamond-shaped, suggesting various measures were better at correctly detecting the most adherent and most non-adherent patients; (2) the dotted lines (mean-of-all-differences) are all below zero, suggesting a systematic bias of overestimating adherence of those measures; and (3) the distance between the two dashed lines (limits of agreement) was wide, indicating poor agreement between the measures and the UPC. Note that although our data were not normally distributed as assumed by the Bland-Altman plot, nonnormality generally does not have a great impact on the limits-ofagreement (Bland and Altman, 1999) .
Discussion
Although adherence to antipsychotics was studied in the low and middle income settings (Farooq et al., 2011; Kane et al., 2013) , there is lack of studies validating those measures in those settings. In this study of measures of adherence to antipsychotic medications in a random community sample in China, concordance between any two measures was poor (r c /r s /r p b 0.3 in general). More important, all measures had low validity as assessed by their concordance and sensitivity/specificity against UPCs as the reference standard.
Self-report measures
Despite the widespread use of self-report and informant measures of adherence, (Velligan et al., 2017) we found poor validity compared to our unannounced home pill count. Several previous studies reported stronger correlation or concordance (r s /r c = 0.54-0.93) between subjective measures (patient/family/clinician reports) and pill counts/electronic monitoring in patients with schizophrenia in Canada (Cassidy et al., 2010) , Sweden (Brain et al., 2014) , and the US . However, all three studies involved self-selected patients, small samples (n = 60-80), intensive case management, and a high-income urban setting, which could bias toward participants who may selfreport adherence more accurately. Our results were comparable, however, to those of a Korean study in schizophrenia (r c = 0.14 between self-report measures and the reference standard) (Yang et al., 2012) . Another Canadian study reported a negative correlation between selfreport and the electronic cap (Remington et al., 2007) . In the general medical literature, the correlation or concordance between subjective measures and a reference standard tended to be much higher (pooled r s = 0.45 according to a meta-analysis) (Garber et al., 2004; Shi et al., 2010a) . Patient-reported measures involving persons with schizophrenia are likely less reliable than in other groups, considering the poor insight and impaired cognition linked to schizophrenia.
Few earlier studies compare the validity of structured instruments with simpler ratings such as the clinician impression used in this study. In this study, BARS and DAI minimally improved the validity of measuring adherence over clinician impression: Kappa improved from 0.02 in clinician impression to 0.08 in BARS and 0.11 for DAI. However, clinician impression had much lower specificity (10%) than DAI (60%) and BARS (35%), suggesting that using simple structured instrument is much more effective than clinician impression in detecting nonadherence. Although clinician impression had better sensitivity (i.e., less false negative) than DAI and BARS, false negative (people adherent rated as non-adherent) at worst strengthens already strong adherence. Thus, having patients or family members complete DAI while waiting for the clinical consultation may greatly improve clinician's understanding of patient adherence to their medications.
"Objective" measures
Pill counts are widely used in adherence studies as a simple and lowcost method of assessment (Nieuwlaat et al., 2014) . We provided the details of UPC earlier, which we believe minimized the Hawthorne effect and issues with residual pills and pills not brought in. However, office-based pill counts were affected by these problems: despite two text reminders, only about 75% of participants appeared for the officebased count, among whom approximately 73% failed to bring in their pills for count. It is also likely that a large portion of patients did not bring in all pills. Because of these irregularities, office-based pill counts proved to be the least valid approach in our study. The UPC was logistically more complicated than office-based counts, but if routine home visits were already a program component, pill counts only took 6-10 min once at the patient's home.
The UPC was used as the reference standard in this study despite its limitations to be discussed later. Recent literature proposed electronic caps as the gold standard. We deem electronic caps, while prohibitively expensive, not superior to UPC for this study. In our pilot, we found it common for our patients to transfer pills between bottles, to use original paper boxes rather than bottles, and to take partial or multiple dose (s) for each cap opening. Other studies have reported lost caps (USD 85/cap), "curiosity" cap opening, leaving caps open for a long time , and increased patient anxiety (Elixhauser et al., 1990) . Electronic caps have an advantage of tracking adherence patterns (Farmer, 1999; Velligan et al., 2006) , but our focus is on overall consumption of dosage over a monitoring period. Finally, though drug level in blood or urine is the most direct reflection of patient adherence, 52.45% 59.46%
Clinician impression (cut-point at ≤2) 93.15% 9.85% a For pill-counts, refill and BARS, adherences are percentage of dosages taken over the past month or dichotomized as adherent and non-adherent at the cut-point of 0.75. b DAI adherence is from −10 to +10 (higher score = more positive attitude toward medication). Also dichotomized at ≥6. c Clinician impression is from 1 to 3 (1 = routinely taking medicine, 2 = intermittently taking medicine, 3 = not taking medicine); Also dichotomized at ≤2. d Reference standard: home-based Unannounced Pill-Count (Cut-point at ≥0.75).
assessment by these methods can be highly affected by patient behavior before the blood draw, and there is considerable individual variability in half-lives or detectability across medications and patients (Kinon et al., 2003) .
Sensitivity to change
Medication adherence is often used in clinical trials as an outcome. In the parent study, we detected an improvement of 12 percentage points in the intervention group as measured by the UPC, while the self-report measures showed b4 percentage points change (Web Appendix 2). This finding suggests that by all self-report measures selfreport ratings, when used in our rural setting in China, were relatively insensitive to change, and potentially obscured an intervention effect. Of note, self-report measures such as DAI provided additional information regarding patient attitudes toward their medicine, which complemented what we found in our UPC data.
Limitations
Several limitations may exist in this study. First, we recognize limitations using UPC as the reference standard (Cassidy et al., 2010):
(1) there is always the possibility of pills not correctly counted or additional pills not reported; (2) missing either of the 2 counts may lead to missing data; and (3) pills counted may not be equated with pills taken. Earlier (see 4.2 "Objective" Measures) we discussed the possibility of using electronic caps as the reference standard, although it is not necessarily superior to pill-counts if adherence assessment rather than continuous monitoring is the primary concern. Second, the level of adherence, concordance, and sensitivity/specificity among dichotomized measures are affected by cut-points. While the conventional choice of 70-80% as cut-points in schizophrenia-related research (Acosta et al., 2009; Byerly et al., 2007; Byerly et al., 2008; Farmer, 1999; Hansen et al., 2009; Remington et al., 2007; Yang et al., 2012) , little evidence supports the clinical efficacy those cuts imply (Sendt et al., 2015; Velligan et al., 2009 ). We chose a 75% cut-point as a convention benchmark, used continuous adherence whenever possible, and recognize that it may be possible to examine various cut-points to assess whether there is a level of adherence that is symptomatically and functionally meaningful. This will be a subject for future examination but is beyond the scope of this paper. We suggest that future studies include an estimate of the percentage of dosages taken to improve comparability across studies on a common scale. Third, the refill adherence was calculated over a 6-month period rather than 1-month as other measures. In the 686 Program, patients get their prescription every two months. Adherence as measured by refill records at shorter intervals may improve its accuracy. Forth, as approximately half of our patients get medication support from their family members, we should have included adherence instruments that are specifically designed for the caregivers such as The Adherencia Terapéutica en la Esquizofrenia (ADHES) carers' survey (Svettini et al., 2015) and Medication Adherence Rating Scale (MARS-5) (Thompson et al., 2000) . Fifth, we did not adapt the structured instruments used in this study in any significant fashion to better suit the local cultural context as we wanted to maintain comparability with previous studies. We did identify some items of the instruments that was difficult to be understood in the Chinese culture such as the concept of "feeling like a zombie" in DAI. Adapted versions may help improve the validity of those instruments. Lastly, our random sample was drawn from the 686 Program participants in 9 townships in Liuyang County. Extrapolation of the results to the entire 686 Program population in Hunan or other parts of China requires caution. While we cannot generalize these results to other studies of populations prescribed antipsychotic medications, our results raise important issues regarding the measurement of adherence among persons suffering schizophrenia, especially among less educated individuals.
Policy and clinical implications
The 686 Program shifted the care from medical centers to communities and provided free basic medications in many program sites. This low-cost community-based program provided valuable experiences for other developing countries in integrating psychoses care in universal health coverage (Patel, 2015) . One lesson from our study is that even though the free medication program removed some access barriers, it did not guarantee medication adherence. It is critical to identify feasible and accurate assessment tools for the benefit of patient and program management. However, although some studies assessed adherence in schizophrenia in developing countries (Farooq and Naeem, 2014; Farooq et al., 2011; Kane et al., 2013) , there is lack of efforts to validate the various adherence measures in those settings. In the 686 Program, it is the standard procedure to report patient adherence based on the clinician impression; and the reported result was used for patient management as well as the program evaluation. In view of our earlier discussion on sensitivity and specificity of the different measures, replacing clinician impression with simple structured instrument such as DAI may improve identification of non-adherence at little marginal cost. In other settings, many projects used pill counts in clinicians' offices with a single count due to its convenience. Our study suggests that those office-based pill-counts produce highly inaccurate assessment. The method leads to several methodological limitations, including:1) patients' intentional or unintentional failure to bring in all or any pill bottles; 2) lack of a baseline count to incorporate residual pills from the last prescription cycle; 3) no consideration of extra refills and pills discarded over the monitoring period; and 4) the Hawthorne effect that participants may change their normal behavior when knowingly under observation (Farmer, 1999; Lam and Fresco, 2015; Williams et al., 2013) . Our study reinforced the consensus guideline that assessing adherence should include both objective and subjective measures (Bellack et al., 2009; Velligan et al., 2006; Velligan et al., 2010) . Office-based pill count (2-count) **X-axis: mean of the adherence rates assessed by the two measures for each subject; Y-axis: differences of the adherence rates between the two measurements for each subject; Dotted red line: "mean-of-all-differences" line; Dashed blue lines: "limits of agreement" lines indicating 1.96 standard deviations of the measured differences between the two measurements above or below the mean-of-all-difference line ***DAI scores were rescaled to range from 0 to 1 for comparative purposes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Conclusion
We conclude that, in a resource-poor community setting in rural China, the concordance among various measures for documenting adherence to antipsychotic medications was poor, and the validity of various measures was low when assessed by their concordance and sensitivity/specificity against UPC as the reference standard. Officebased pill counts were misleading, and for the community-based patients we studied, they could adversely affect patient management by over-estimating the amount of prescribed medications patients are consuming. Given our results, self-report measures should not be used alone. They overestimated adherence, underestimated program effect, and showed poor validity. Simple structured measures such as DAI may be used in routine practice instead of clinician impression as they better detect non-adherence. A combination of UPC and self-report measures may prove more useful for future clinical trials and for assessing the impact of mental health programs.
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